Identification of the ecosystem services provided by Mexican temperate forests is a prerequisite in ensuring their conservation and sustainable management. This study aimed (1) to describe ecosystem services provided by Mexican temperate forests (provisioning, regulating and cultural services); and (2) to identify possible trade-offs and synergies based on the types of ecosystem services available in Mexican temperate forests. We synthesized relevant literature from scientific articles, government statistics and grey literature covering the years 1985-2012. Timber extraction is the main beneficial ecosystem service of temperate forests recognized by public policy as shown by the high income from this activity; but it has trade-offs of greater magnitude with other provisioning services (water, bioenergy and non-timber forest resources), and with other supporting, regulating and cultural ecosystem services. For example, it causes the loss of other forest resources, extinction of commercially important species and loss of the system's structural complexity. Water capture and extraction of non-timber forest resources have lesser effects on support and regulation services, and in the case of water capture, the magnitude of the effect depends on the type and reversibility of the modification of the ecosystem. The synergies between ecosystem services have mutual benefits; for example, a decision to enhance the scenic beauty in temperate forests potentially improves water cycling and provision of non-timber forest resources, and has a positive effect on cultural and regulation services. In Mexican temperate forests the recognition of ecosystem services is limited and is based largely on grey literature. More robust scientific information is needed on the role of these forests in maintaining biodiversity and provision of ecosystem services essential to the welfare of the population. Also, monitoring of ecosystem processes of highland temperate forests in tropical regions is very limited, so it is necessary to generate research to develop a paradigm shift from forest management based strictly on logging to one based on ecosystem management.
Introduction
Few studies have addressed ecosystem services in highelevation temperate forests in tropical mountains (Kellermann et al. 2008; Buytaert et al. 2011) . Temperate forests cover some 10,400,000 km 2 of the Earth's surface, equivalent to 25% of the total forest cover or 8% of the total continental area, and they store 175 Pg C in aboveground biomass (FAO 2011; Pan et al. 2011) . Temperate forests provide a wide range of ecosystem services at both regional and global levels: for example, biodiversity conservation, carbon storage and water supply for cities, agriculture and hydro-power (Buytaert et al. 2011) . In Mexico, the temperate forest ecosystem constitutes a natural asset that supplies a range of nationally important ecosystem services; however, results of studies on temperate forest ecology and its ecosystem services, such as productivity and product quality, are seldom synthesized and their implications are rarely considered. The ecosystem services are politically recognized and form part of strategic national-level programmes to protect or enhance these services (Corbera & Brown 2008) . Specifically, Mexico's payments for ecosystem services programmes (PES) recognize services to hydrology, carbon storage and habitat (Muñoz-Piña et al. 2008) . Similarly, the policies implemented by the Commission of Natural Protected Areas (CONANP) primarily recognize the habitat provisioning and cultural services of these forests. Also, the Mexican government has a programme to assist communities to sustainably manage their timber production systems (under the National Forest Commission, CONAFOR). However, these programmes for PES have had social aims such as poverty reduction, rather than being based on ecosystem processes or the quantification of water supply or carbon (Muñoz-Piña et al. 2008; McAfee & Shapiro 2010) . Therefore, little is known about other provisioning or supporting, regulating and cultural services that Mexican temperate forests also provide.
In recent years, understanding the value of ecosystem goods and services and identification, classification and quantification of ecosystem services can be included in policy and decision-making regarding forest conservation and management (Muñoz-Piña et al. 2008 ). The project 'The Economics of Ecosystems and Biodiversity' (TEEB) has proposed a classification of ecosystem services based on the distinction between ecosystem processes, beneficial ecosystem processes and beneficial ecosystem services; this separation avoids the risk of duplicate counting. This classification of ecosystem services has been subdivided as follows: provisioning services are goods or products of ecosystem processes that directly affect human well-being (fuel, food, raw materials and genetic resources); regulating services are defined as the benefits that directly affect human well-being obtained from interactions among ecosystem processes (local climate, carbon sequestration, soil erosion and fertility, and air quality); habitat services or supporting services are underlying processes supporting ecosystem functions those that are necessary for the maintenance of all other ecosystem services (life cycles of migratory species and maintenance of genetic diversity); and cultural services include non-material benefits that people obtain from contact with ecosystems (recreation, tourism and spiritual experience) (De Groot et al. 2010; Kumar 2010) . The typology of TEEB was developed to support estimation and assessment of ecosystem goods and services, to provide a basis for evaluating the stock of natural capital for linking ecosystems to human wellbeing, and to communicate the importance of ecosystems conservation in individual lives and national economies (Kumar 2010) . Determination of which ecosystem services are provided is a requirement in order to estimate the relative importance of an ecosystem and to justify particular conservation and management decisions (De Groot et al. 2010; Balvanera et al. 2012; Ferraro et al. 2012) .
Temperate forest has been maximizing the provisioning services such as food and timber, but has led to declines in many other ecosystem services, including regulating and cultural services such as nutrient cycling, flood regulation and opportunities for recreation (Kellermann et al. 2008; Buytaert et al. 2011) . Much work remains to be done on this issue, and clearly the future of knowledge of forests' multiple ecosystem services depends on finding ways to manage forest ecosystems that simultaneously produce wood and many other important ecosystem services. The paradigm of multiple ecosystem services supports management of a range of services simultaneously, rather than focusing solely on the provisioning (Bennett et al. 2009 ). For example, sustainable forest management should not only focus on timber extraction but must also include the management of non-timber forest products, biodiversity conservation and other ecosystem services (Burton et al. 2006) . Also, identification of trade-offs and synergies between multiple ecosystem services under alternative scenarios yields understanding, both of the way in which ecosystem services respond to a given driver, and of the interactions between them (synergies/ trade-offs) (Rodríguez et al. 2006; Raudsepp-Hearne et al. 2010) . Trade-offs in ecosystem services occur when the provision of a particular service reduces the potential provision of other services; synergies refer to the simultaneous positive effect of multiple ecosystem services (Raudsepp-Hearne et al. 2010 ). However, very few attempts have been made to illustrate and evaluate quantitatively the trade-offs and synergies between forest goods and services under several silvicultural strategies in highland temperate forest.
Mexican temperate forests undergo high deforestation rates (0.8% per year, Masera et al. 1997 ) and about 40% of its original surface area has been converted to other land uses; this can substantially affect other services such as supporting services (e.g. nutrient cycle, primary production), regulating services (e.g. pest and disease regulation, climate regulation) biodiversity, etc., at significant social and economic cost (Challenger 1998) . The main objectives of this paper are: (i) to describe the ecosystem services provided by Mexican temperate forests (provisioning, regulating and cultural services); and (ii) to identify possible trade-offs and synergies based on the types of ecosystem services available in Mexican temperate forests. This study has been based mainly on a systematic review of recent research literature. This information is essential for justifying specific conservation and sustainable forest management options that ensure the sustained supply of the various ecosystem services.
Methods

Study area
In Mexico, temperate forests covers 32,330,508 ha (SEMARNAT 2009), which represents 17% of the country. It encompasses three main vegetation types: pine (7,972,698 ha), mixed conifer-oak (13,115,539 ha) and oak (11,242,271 ha) forests (Figure 1 ). Pines and oaks are the taxa most widely represented in the tree layer of Mexican temperate forests; 95% of their current distribution ranges in Mexico encompass elevations from 1200 to 4000 m a.s.l. largely corresponding to the sub-humid temperate ecological zone (Challenger 1998; Pérez-Verdín et al. 2011 ). This ecosystem share has four ecological interest traits that make it a singular model for studying ecosystem-service issues: (1) it is in mountainous areas, (2) it is dominated by native vegetation communities, (3) its habitats have high biodiversity and (4) the species composition is highly heterogeneous across the various regions of this ecological zone (Agder et al. 1995; Challenger 1998; Pérez-Verdín et al. 2011) . It is located in areas of higher annual rainfall, and therefore represents an important contribution to water capture at national level (Challenger 1998) . The Mexican temperate forest ecosystem hosts a unique fauna and flora, and constitutes a hotspot of global importance because of the high biodiversity (Myers et al. 2000) . Mexican temperate forest has more pine and oak species than temperate and boreal forests of Canada, USA and Europe; it has been identified as a diversification centre for pine and oak species, harbouring about 50 pine species (about 50% of the total number of species worldwide), 34 of which are endemic to the country, and 160 oak species (40% of the total number worldwide), 109 of which are endemic to the country (Challenger 1998) . It is home to some 7000 species of higher plants, representing~25% of the country's flora, and 4900 of those species are endemic (Rzedowski 1991; Challenger 1998) . It is also the habitat of 656 amphibian, 1586 reptile, 1300 bird and 146 mammal species. The importance of this ecosystem is intensified by the status of pines and oaks as the backbone of the Mexican timber industry (Challenger 1998) .
Data bases
The synthesis of ecosystem services provided by temperate forests in Mexico at national level was developed through the analysis of several sources of data: 1) peerreviewed publications, including journals, books and conference proceedings, all at either national or international level; and 2) non-peer-reviewed publications including report from national or international non-governmental organizations, national government bodies and academic institutes, and theses and technical reports. This extensive literature search used academic reference databases including Science Direct, Web of Knowledge and Scopus similar to the guidelines for systematic reviews proposed by Pullin and Stewart (2006) , Davies and Pullin (2007) .
The search was holistic (low specificity and high sensitivity) and its subject was ecosystem services provided by Mexican temperate forests, in terms of information on ecosystem processes (primary productivity, biomass and carbon sequestration, the water cycle and the nutrient cycle), on natural resources (wood and non-wood forest products), and on payment for ecosystem services. The information was published between 1985 and 2012. The query terms were: 'natural resources', 'ecology and economy of temperate forests', 'forest management', 'forest timber', 'ecosystem processes' and 'temperate forest ecosystem services in Mexico'. The terms were allowed to appear in titles, keywords or abstracts. The journals represented various aspects of ecology, the environmental sciences and other natural sciences in journals specialized in forestry, ecology, conservation, economy and policy. The relevance of articles was assessed on the basis of the title, the abstract and the tables and figures. First, all articles were filtered by title and irrelevant studies were removed from the list of captured articles, then the abstracts of the remaining studies were examined. Articles were accepted for viewing if they contained information pertinent to ecosystem processes or ecosystems services to Mexican temperate forest.
We also used internet-based search engines (e.g. Google Scholar) to identify relevant grey literature, such as conference papers, workshop papers and government statistics, maps and inventories on natural resources (Pullin & Stewart 2006; Davies & Pullin 2007) . For example, from the Instituto Nacional de Estadística y Geografía (INEGI) and CONAFOR and Secretaria del Medio Ambiente y Recursos Naturales (SEMARNAT), we obtained data on biodiversity, timber volume, woody and non-wood products, and statistics of payments for environmental services. Once all the evidence had been collated, we synthesized the information on ecosystem processes and ecosystem services provided by temperate forest. Finally, data were extracted in the form of text, tables and figures.
Results
Ecosystem services; research trends
Ecological research in Mexico has been growing and diversifying (evolution, plant ecology, animal behaviour, etc.). The Ecosystems Research Center at UNAM, Institute of Ecology UNAM and the Institute of Ecology A.C. together generate a high number of articles listed in the Institute for Scientific Information (ISI): 291 in 2011 and 316 in 2012. Of these 607, only 10 refer to temperate forests, and most refer to tropical dry forests, tropical rain forests, deserts and grasslands. Although there are numerous research institutions in Mexico, a few study temperate forests (i.e. Colegio de Posgraduados and Escuela de Ciencias Forestales de la Universidad Autónoma de Nuevo León); however, its scientific production is published in national journals (Madera y Bosques, Revista Mexicana de Ciencias Forestales, and Revista Chapingo Serie Ciencias Forestales y del Ambiente) with issues related to growth and timber volume, forest products, timber technical aspects and economic and social issues of temperate forests. Hence, studies on ecosystems and ecosystem service issues in temperate forests are scarce.
The initial reference materials relating to temperate forests (productivity, carbon, water and biochemical cycles) amounted to 120 publications, but 17 of these were not linked to ecosystem services, and therefore the subsequent information synthesis was performed on the remaining 103 documents. The 17 references were not used because they are related to issues of institutional dimensions of PES (Corbera & Brown 2008 ) and social and economic impacts of PES (Muñoz-Piña et al. 2008;  McAfee & Shapiro 2010), but not containing information on ecosystem processes, and ecosystem services of the temperate forest ecosystems. Of the 103 documents used in the review, 38% were in international journals, 11% in national journals, 8% in national or international books and 42% in theses, grey literature and technical reports (Table 1) . From the information that could be related to ecosystem services, the highest number of publications (41%) provided information on the existence or production of non-timber forest resources, carbon sequestration, water and wood volume (Figures 2 and 3) . A total of 66% of 103 articles are related to support services, 23% to regulating services and 11% to provision services (Figures 2 and 3) . However, the technical documents of the institutions refer to ecosystem services, but without quantifying them. Also, no items were found that referred exclusively to ecosystem services, and none that referred to multiple ecosystem services. Grey literature referred to genetic services, biodiversity and non-timber forest resources in the form of statistics and their relevance to ecosystem services are analysed here (Figures 2 and 3 ). 
Temperate forest ecosystem services
Following the TEEB conceptual framework, we have identified 13 main ecosystem services delivered by Mexican temperate forests. We divided them into provisioning (food, fresh water, wood, chemical resources, genetic resources, bioenergy and non-timber forest resources), regulating (climate regulation, purification of air pollutants, soil erosion and landslides, carbon capture), cultural (community, recreation, educational) and habitat-supporting services (primary production, soil formation; Table 2 and Figure 3 ).
Provisioning services
Ecological goods like wood are derived mainly from pines and oaks (Table 2) . From 1990 to 2012, national timber production has ranged between a minimum of 6.3 million m 3 in 1995 and a maximum of 9.43 million m 3 in 2000. Of the total production, about 70% is for sawn timber, 18% for cellulose, 3% for fuel and 3% for charcoal (SEMARNAT 2011) . Percentages of the various products have no relation to the species used. This differs markedly from the world pattern, in which pine and broadleaved species constitute 47% and 26% of global timber production, respectively. The provision of wood is the main beneficial ecosystem service provided by Mexican temperate forests since it accounts for 93% (US $1.336 million) of the overall value of forestry in Mexican forests (SEMARNAT 2011) (Table 2) . However, in the peerreviewed literature it is not considered a provision service, but rather as extraction or timber production. Table 2 . Ecosystem services in Mexican Temperate Forests. The interaction between supporting services (services that sustain ecological processes that maintain the ecosystem and are necessary for the production of other services) and regulation services (benefits obtained from the regulation of ecosystem processes) lead provisioning services (goods produced or provided by ecosystems) and cultural services (nonmaterial benefits obtained from ecosystems).
Supporting services
Primary production Soil formation
Total forest biomass is around 30,000 kg ha −1 . 80-85% corresponding to trunk biomass,~9% to foliage and~6% to branches; however, it varies across species and regions.
These soils, therefore, have a high production potential, although this depends on the plant-soil-climate interaction in these ecosystems. , and is stored in temperate forests (SEMARNAT 2009). • Wood makes an annual contribution of USD $1336 million to the Mexican economy and generates 100,000 permanent jobs (Torres-Rojo 2004) .
Service
Chemicals resources
• Some 1800 species are known that can potentially provide chemical compounds for medicinal use. • Seven of the ten plant species most widely used for medicinal purposes in Mexico come from its temperate forests (Cordero 1996) . • Total resin production from temperate forests was 17,322 ton in 2008 (SEMARNAT 2011); this is an important raw material for manufacturing wax, paints, soaps, adhesives, paper and pharmaceutical products, among other uses in the chemical industry (INIF 1980) .
Genetic resources
• Five of the diversification centres of Mexican native pine and oak species represent not only a species pool but also a pool of evolutionary processes available to face climate change and generate new products, as well as a potential asset for management and reforestation in Mexico and elsewhere. • Seeds from native plants supply the genetic variation required for commercial plantations and genetic improvement programmes (Conkle 2004) . Bioenergy
• Firewood is produced mostly from pines (52%) (107,716 m 3 r) and oaks (41%) (84,849 m 3 r); in 2010, total firewood production in temperate forests was 205,861 m 3 r (SEMARNAT 2011). • Charcoal is produced mostly from oak species (99% or 108,456 m 3 r); total charcoal production in 2010 was 109,060 m 3 r (SEMARNAT 2011 These ecosystems constitute important areas of groundwater recharge, since they cover considerable areas in upper watersheds; they meet the demand for clean drinking water for downstream residential populations and they supply water to hydropower plants. Mexican temperate forests are present in 77 of 110 Mexico's top-priority hydrological regions (Arriaga et al. 2002; Jujnovsky et al. 2010) , which are areas of interest due to their biodiversity. However, there is little scientific information on the water cycle in these ecosystems; to ensure the provision of an adequate beneficial ecosystem service, the biophysical characteristics governing it must be modelled and monitored if water management is to be transparent and consistent.
Beneficial ecosystem services related to water cycle are groundwater recharge and assurance of rural and urban water supplies (Table 2) . Native temperate forests are essential providers of water for drinking and irrigation. Although in terms of volume this is not the largest contribution to water capture countrywide, it is highly important in relative terms. Mexican temperate forests provide wide-ranging hydrological benefits because of the altitudinal, geophysical and climatic conditions that determine water recharge and water purification. For example, El Salto is the biggest city of Durango state and sits at 2540 m. a.s.l. The area is dominated mostly by pine-oak forests that receive about 800 mm annual precipitation. In 2000, the city constructed a reservoir (later known as La Rosilla Lake) not only to ensure the supply of water in critical years, but also to protect the community from potential floods and to retain soil sediments. The reservoir has a storage capacity of 1.3 Mm 3 and provides water for 21,000 users (Pérez-Verdin et al. 2011) .
In Mexico, many people live in or adjacent to forest and they harvest several non-timber forest resources to supply subsistence and income. The income from nontimber forest resources is very low relative to the potential and that produced by logging, it accounts for US 1.1 (Toledo et al. 2001) . Recreational
• Temperate forests supply a broad range of recreational opportunities (hunting, fishing, wildlife watching, etc.), and the ecotourism boom during the past two decades is currently one of the main sources of income for the tourism industry (Antinori & Bray 2005 ). • There are over 80 business locations or communities with alternative tourism activities, which can attract visitors and economic income for local communities. • For local communities and indigenous peoples, these services are often an important part of their culture. Educational
• In 2011, there were 34 National Protected Areas belonging to the National Park category in temperate forests in Mexico (CONANP 2012). • Many of these are outstanding in the following: scenic beauty; scientific, recreational, educational and historical value. million (SEMARNAT), because the movement of nontimber forest products occurs only in local markets within communities, and through self-consumption. Non-timber forest products are central to the day-to-day life of forestcommunities as a source of fibres, seeds, roots and medicinal plants which also provide them with direct or indirect temporary work (Challenger 1998 ; Table 2 ). However, firewood, food (propagules) and building materials are the most important direct benefits from temperate forests among communities and regions (Table 2) .
Regulating services
Mexican temperate forests also provide important regulating ecosystem processes. It regulates the movement of water and sediments, carbon capture and climate (Table  2) . For example, forest conservation programme in the Monarch Butterfly Biosphere Reserve lessening land degradation processes in a temperate region (Manzo-Delgado et al. 2014). As climate regulators, temperate forests function in two major ways. At a local level, they affect the albedo and the moisture retention in soil, and then they regulate the microclimate and maintain the hydrological balance and water quality. At a regional scale, they clean the air through carbon capture, thereby buffering the impacts of climate change. Baumgardner et al. (2012) report that forests in Central Mexico basin remove each year an amount of CO 2 (2%), O 3 (2.3%) and pollutants (1.6%) sufficient to result in an improvement in air quality in Mexico City. One of the challenges is scarcity of systematic information on stocks and flows of ecosystem services provided by Mexican temperate forests; the information refers to isolated data rather than to the process that sustains the provision of these services. Temperate forests regulate soil erosion, thereby preventing an overloading of water flows with sediments that would increase the nutrient load and reduce the amount of available oxygen in natural and artificial water bodies. However, this ecosystem can provide a natural buffer against flood, pests and diseases and can help in climate regulation (Table 2) .
Supporting services and habitat services
Scientific information on soil formation processes, primary productivity, the water cycle, nutrient cycles and carbon cycle in Mexican temperate forests is scarce; we found little research on primary productivity and soil formation processes, and none related to other support services and habitat (Table 2 ). Forests and their soils store about 45% of the terrestrial carbon, and act as a crucial sink for anthropogenic carbon emissions. For example, in Central Mexico (Cofre de Perote), pine forests accounted for a humus biomass between 13.1 and 26.43 Mg ha −1 , whereas in the monospecific fir forest this was 4.72 Mg ha −1 ; although humus production is low, it is essential for nutrient circulation (Mendoza-Ponce & Galicia 2010). Temperate forest ecosystems have fertile soils of volcanic origin; more than 50% of these have andosol soils, followed by lithosols (28%), regosols (18%) and phaeozem (13%), are rich in organic matter, with a loamy texture and a large amount of mineral particles. Andosols display a high accumulation of carbon (31 kg m −2 ), which is explained by the stabilization of soil organic matter with minerals of low structural order and the formation of organometallic compounds (Gamboa & Galicia 2012) ; this stabilization is highly resistant to decay, resulting in a very long residence half-time and a low C circulation (Gamboa & Galicia 2011) . Genetic resources have economic, ecological, aesthetic and ethical value; however, the fact that the genetic diversity of temperate forests is the basis of their economic value is not always acknowledged.
Within-and between-species genetic variation is protection against environmental change, pests, weeds and diseases, and climate change, so genetic diversity is essential for ecosystem health (Table 2) .
Cultural services
Cultural ecosystem services of temperate forests are as follows: (1) Spiritual, sense of place and lifestyle: Special places in the landscape are tied to religious beliefs and cultural traditions (especially indigenous) ( Table 2) . This ecosystem has spiritual significance for the 34% of the population who belong to indigenous communities, who consider it to include sacred sites (Toledo et al. 2001) .
(2) Connection to the land, and the lifestyle offered through tourism: In fact, ecotourism associated with forest conservation has been considered by inhabitants as a focal alternative for economic development in many regions of Mexico (Table 2) . Recently, various tourism activities have developed, mainly ecotourism involving local and community enterprises (CONANP 2012) ( Table 2 ). (3) Cultural diversity and heritage, for example the relationship between indigenous people and the environment (Table 2) . However, few studies have considered these as cultural services of temperate forests.
Trade-offs and synergies among ecosystem services
Timber extraction is the main beneficial ecosystem service of Mexican temperate forests to be recognized by public policy, as is reflected by the high income from this activity; however, the provision of this benefit may result in the loss of other processes that are important for the functioning of other services (Figure 4a ). Current forest management practices in Mexican temperate forests (based on few species and unsustainable methods) have led to disruption of water supply services and non-timber resources. Water infiltration capacity is reduced, water flux through the soil increases and the precipitation pattern changes at a local scale. Infiltration falls from 190 m 3 ha −1 with removal of 25% of the forest cover to 35 m 3 ha −1 with removal of 75% of the cover (Torres & Guevara 2002) . One of the main effect tradeoffs between logging and biodiversity is the reduction of biodiversity. Management of Pinus arizonica forest can reduce the number of species and the abundance of Quercus spp., Juniperus spp., P. leiophylla and P. strobiformis, and there is a 16% change in species composition (Hernández-Salas et al. 2013 ). In addition, communities of animals are being dominated by a few generalist species of low conservation value (Challenger 1998) . A similar, though smaller, effect occurs when materials are extracted for fuelwood to generate subsistence bioenergy ( Figure 4b) . The interaction between the beneficial ecosystem services of bioenergy and wood is two-way and negative, because timber extraction reduces firewood and carbon supply, with the use in both cases relying on basically the same species, pine and oak; the increased pressure on these two species leads to a change in species structure, diversity, richness and abundance. The preferential harvesting of Pinus spp. and Quercus spp. for wood extraction leads to secondary forest dominated by pine species in place of the original mixed forests (Gonzales-Espinosa et al. 2006) . The intensity of firewood harvesting reduces the capacity for timber harvesting and reduces the stocks of firewood and charcoal. However, when firewood is collected in the form of dead wood this can be beneficial, since it helps to avoid the destruction of forests by wildfires during dry seasons.
Timber extraction and provision of bioenergy adversely affect habitat structure and diversity, since vegetation structure is a key factor in shaping the habitat of many wildlife species. They can lead to the loss of other forest resources, the extinction of commercial species and the reduction of biodiversity (Challenger 1998) . Other less-evident consequences of timber extraction include changes in soil carbon sequestration and regeneration. Saynes et al. (2012) suggest that logging has consistently decreased soil total carbon, soil microbial biomass carbon and basal soil respiration in temperate forests of Oaxaca, Mexico. Meta-analysis (Nave et al. 2010) has found a significant reduction in carbon capture as a result of logging in temperate forests in the world, although this was dependent on the species composition, soil taxonomic order and time since harvest. For instance, studies in Mexico have investigated the biomass of ectomycorrhizal roots in Oaxaca forests under several management and hydric stress thresholds (Valdéz et al. 2006 ) that markedly reduce the growth of soil fungi. However, the potential risks of logging depend on thresholds of biomass removal and site sensitivity. Ordoñez et al. (2001) found that C concentrations and C pool sizes responded differently to harvesting, and forest floors were more likely to lose C than were mineral soils with short thinning cycles. Changes in structure, biodiversity and the physical, chemical and biological properties of soil after biomass removal may have profound consequences on services such as the regulation of erosion and the ecosystem's hydric balance and surface runoff. The effects differ temporally; the change in vegetation structure can be rapid, whereas changes in the carbon storage or changes in the diversity of microbial biomass are gradual, although in both cases the consequences can be of medium and long term. The reversibility of the negative effect will depend on the type and degree of impact, the conditions of site degradation and the recovery strategies applied.
Water capture is a beneficial ecosystem service entailing ecosystem modification by consumptive and non-consumptive water use. The magnitude of this benefit depends on the type and reversibility of the modification. For example, reversibility of the effect of water storage in reservoirs is low, given the modifications in the course of the surface water, in sediment distribution, and in habitat provision for aquatic and riparian species. There are potential negative effects in the support services of the nutrient cycle and the water cycle, although these effects may not be great. The services of regulating water quality, floods, landslides and erosion are potentially affected to a greater degree (Figure 4c ). In Mexico, the function of the forests in the protection of catchments, conservation of soils, and the regulation and mitigation of catastrophic floods and landslides has rarely been investigated, despite the economic and social effects arising from deforestation of temperate forests. Floods caused by intense and prolonged rains are the disasters that have caused the greatest damage in Mexico, and have resulted in losses exceeding US $1900 million in the past 20 years. For example, the floods in October-November of 2007 in the lower River Grijalva basin affected 80% of the surface area of the state of Tabasco and a million inhabitants of the region including part of the state of Chiapas; this was a result of the transformation of the landscape and the environmental deterioration caused by unsustainable development.
Extraction of non-timber forest resources affects the provision services, with lesser effects on support and regulation services but no effects on biodiversity or genetic resources (Figure 4d ). This is because the components of the ecosystem processes of the temperate forests are not affected, and the modifications to the nutrient cycle and to soil formation occur slowly enough to allow the possibility of a reversal in effect, thereby controlling the number and identity of the species that will be exploited. Mexico now has hundreds of timber-based NTFPs (Antinori & Bray 2005) , many of which have vertically integrated into milling activities. Local benefits from SMFE development may include incomes and employment, cultural and political empowerment, and increased conservation of forest ecosystems through longterm sustainable management (Toledo et al. 2001) .
Synergies
Positive synergies driving the overall increase of the ecosystem services can be exemplified by support services of nutrient cycling, water cycling and cultural services through the provision of scenic beauty. By positive synergy, enhancement of the support service nutrient cycling strengthens the regulation service carbon capture (Mendoza-Ponce & Galicia 2010; Gamboa & Galicia 2011) . The amelioration of limiting soil resources (N, P) increases primary productivity (favouring carbon accumulation) and improves provision of services, particularly timber and food (Figure 5a ). We identified synergies for the food supply and above-ground carbon storage potential for the regions with better management strategies. These results are similar to forest plantations in New Zealand, where the high growth rates of P. radiata (8.5 tonnes C ha −1 yr −1 ) add significant environmental benefits of carbon sinks to climate regulation (Dymond et al. 2012 ).
An increase in conservation areas of temperate forests improves water supply and facilitates infiltration, which in turn enhances the regulating services that control water flow, erosion and landslides. In addition, the provision of water, timber resources, food and non-timber resources is also benefited, and cultural services such as recreational and scenic beauty are enhanced (Figure 5b ). This finding is consistent with reports (MEA 2005) that conservation, implemented mainly through protected areas, has the capacity to provide ecosystem services and contain rich stocks of ecosystem services. Also, good land and watercourse management benefits water quality (Pérez-Verdín et al. 2011) , biodiversity (Torres & Guevara 2002) , sedimentation (Manzo-Delgado et al. 2014 ) and habitat value (Antinori & Bray 2005) .
A decision to improve cultural amenities or enhance the scenic beauty in temperate forests, through the recovery of the vegetation with native species, potentially improves soil formation and the water cycle because the plant-soil interaction facilitates soil processes (structure and soil fertility) and provision of water and NTFPs. It also strengthens the cultural services of recreation and spiritual experience (Figure 5c ). Thus, there is synergy of the cultural services of the communities that live in temperate forests with their environment, offering the potential of a win-win solution in terms of combining scenic beauty with socio-economic development (PROCYMAF 2000) . In Mexico, ecotourism associated with forest conservation in the temperate forest communities has been considered by inhabitants as a focal alternative for economic development (Antinori & Bray 2005; Bray et al. 2006 ).
Discussion and conclusions
Improving the understanding ecosystem services of Mexican temperate forests
This study is one of the first of its kind for the Mexican temperate forests; it has estimated multiple ecosystem services and illustrated some trade-offs and synergies of ecosystem services. Identification of ecosystem services can assist decisions leading to management based on the production of multiple ecosystem services, in planning Mexican temperate forests conservation outside protected areas, and in designing appropriate sustainable forest management strategies to produce an alternative source of income. Also, identification, quantification and evaluation of the ecosystem services supplied by the temperate forests are essential for the improvement of various aspects of decision-making and the definition of public environmental policy. For example, it is imperative that PES in Mexico be based on quantification of the services and not solely on the criterion of the forest area and the extent of deforestation averted, nor focused on the reduction of poverty, which has favoured the promotion of misguided land-use policies. On the other hand, given the spatial and temporal heterogeneity in land use, ecological health, the quality of the resources and the type of goods and services that the temperate forests provide, it is necessary to design a sustainable management strategy based on the quality and quantity of the ecosystem services that takes into account the various scales of space and time at which they are supplied, and that considers the synergies and trade-offs between services with market value and those without. It remains relevant as an economic, ecological and social option in local communities on the one hand, and as a means to a diversification of economic activities on the other. Increasing capacity to articulate connections between forests, ecosystem services and public benefits can stimulate market activity for restoration and encourage partnerships across ownerships. This is imperative because the demand for the services that these forests provide is increasing, and at the same time the anthropogenic pressure (illegal felling, climate change, land use change) is threatening the integrity, structure, functioning and diversity of these ecosystems.
Ecosystem services and links to forest management
Historically, Mexican temperate forests have not been managed sustainably, and this is currently threatening biodiversity, forest resources and ecosystem services (Challenger 1998) . Forest management practices have positive and negative effects on the ecological processes of these ecosystems (mineralization, primary production, Figure 5 . Positive synergies of the decision to improve or enhance ecosystem services of Mexican temperate forests: a) nutrient cycling, b) water cycling and c) cultural service of scenic beauty; then, synergies potentially improve the delivery of other types of ecosystem services. biodiversity) and hence on the delivery of ecosystem services, because the consequences are complex and depend on the context (Dugid and Ashton 2013; Edwards 2013). It is necessary to conduct long-term studies and define new approaches for measuring ecosystem services in management sites, using different years or periods of time, and to observe their degree of recovery with the idea of identifying the dynamics of the trade-offs and synergies. This could lead to the development of methods for ecosystem services assessment that can cross landscape units and be incorporated in decision-making among multiple jurisdictions and at various levels of government.
Conventional forest management considers solely the volume of wood, the dimensional changes over time and the harvesting programme; it generally does not include concepts such as biomass and carbon storage or water quality and quantity, or the balances that can detect indicators of sustainability. In fact, the study of temperate forests has been dominated by forestry production rather than by forest ecology, that is, this approach to forest production processes has been directed to ensure sustained yield of timber products through thinning, regardless of the modification of soil characteristics, biodiversity and future regeneration. The tradeoffs present in current management practices can lead to informed decisions in planning and management of ecosystem services in temperate forests. An understanding of the relationship between forest management and ecosystem functions is key to maintaining biodiversity and ecosystem services under different intensities of biomass removal.
Logging has major trade-offs with other services owing to the volume of extraction and low diversification of economic activities. However, sustainable forest management can generate synergies, so it is necessary to generate research to develop a paradigm shift from forest management based strictly on logging to one that is multipurpose. Although there has recently been promotion of sustainable forest management, it is necessary to consider multiple functions and the interactions and relationships between them, in order to meet the demands of various ecosystem services. Management plans must include trade-offs between the extraction of timber and biodiversity, water, etc., as well as the synergies of the production of multiple ecosystem services. This is feasible because Mexico has a wide biological and genetic diversity that allows the species management a range of purposes. For example, on the basis of this review it is suggested that forest management strategies should focus on a greater production of higher quality timber, carbon sequestration, the production of more and better-quality water, and the conservation of biodiversity taking into account the temporal dynamic of the markets and the synergies and trade-offs among the services that depend directly and indirectly on the market.
Knowledge gaps
The identification of ecosystem services has here been limited by the restricted availability and scientific understanding of data, requiring numerous assumptions about relationships between land use, water quality, biodiversity and related ecosystem services. Ecosystem services knowledge for this review rely on models or a low empirical supporting data. Also, evaluation of these services is based largely on grey literature; there has been little progress in the scientific study of ecosystem processes in timber forest cover more widely distributed in Mexico. Therefore, future research must progress in two directions. 1) Investigation of ecosystem services, and of techniques for measuring the status of the tradeoffs and synergies at different spatial and temporal scales. The intensity of the trade-offs depends on site conditions that determine response thresholds and effects. The characteristics of the temperate forests in Mexico (high heterogeneity in relief, soil types, vegetation types and species diversity) dictate how these interactions determine the answers and possible effects on the functioning of temperate forests. Some may be highly sensitive areas while others not; therefore, the quantification of trade-offs needs to be calibrated with site properties. 2) Case studies of ecosystem services at different scales must explore the strengths and weaknesses of the ecosystem services approach, and research and planning are necessary in implementation of the management of temperate forests in Mexico that will promote forest economy. Therefore, it is necessary to understand the trade-offs of forest management at different scales. In addition, multiple interactions need to be considered from different aspects such as scale (spatial and temporal), reversibility and complexity (thresholds, nonlinear response, multi-scale).
